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TECENICAL NOTE 2402

CONSTRUCTION AND USE OF CHARTS IN DESIGN STUDIES OF GAS TURBINES

By Sumner Alpert and Rose M. Litrenta

SUMMARY

A method is presented for the computation and grephic representa-
tlon of a series of possible turbine designs for any specific applica-
tlion. The use of & preliminsry design chart is suggested for deter-
mining the number of stages and the effects of exit whirl and ahnular-
area divergence on possible configurations. A specific design chart
can then be made to aid in the study of the relations between turbine
radius ratio, dlameter, and significant design parameters such as Mach
numbers, turning angles, and blade root stresses.

INTRODUCTION

In designing turbines far aircraft engines, it is desirable to
obtain units having high rellability, light weight; low frontal ares,
slmplicity, and high efficiency. Because the number of variables
involved in designing turbines is large and the relations among them
are complex, determination of the best design compromises may beccome
guite involved. A method of computation and graphic presentation of
a series of possible turbine designs for any specific application is
presented herein to ald in determining these compromises.

Usually the first step in & design study is to obtain an estimate
of the mmber of stages requlired, the type of velocity diagram to be
used, and the need for annular flow-area divergence. A preliminary
design chart is suggested for this purpose. Such a chart indicates
whether a single-stage turblne will do the Jjob with any specified
centrifugal stress at the blade root, Mach number, and size limitations
that may be imposed. The preliminary chart also indicates the effects
of exit whirl and annular flow-area divergence. If a single-stage
turbine is inadequate, each stage of a multistage unit can be checked
agalnst the design limitations so that an estimate can be made of the
number of stages required.

With the information obtained from the preliminery chart, a spe-
cific design chart can be made for each stage of the required turbine.
The specific design chart presents the parameters that describe the
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flow within the stage in terms of velocities and flow angles and relates
these parameters to design variebles such as size, radius ratio, cen-
trifugal stress at the blade root, rotative speed, and specific welght
flow. This chart contaeins sufficient information for fixing the
dimensions of the unit.

The results obtained by the methods given in this report should be
considered as preliminary in nature because of the simplifylng assgump-
tions that are used. These results serve to eliminate areas in which
design limitations cannot be satisfied and indicate the points for
which f£inal analyses should yield suitable designs.

ANATYSTS

Assumptions. - The following assumptions are made herein: (1) one-
dimensional Tlow occurs with no radial components, (2) all losses take
place in the rotor, and (3) a constant value of the ratio of specific
heats exists.

It is assumed that there are no radial or circumferential varlia-
tions in one-dimensionsal flow. The value of the specific weight flow
at one radius is considered to be representative of the values over the
entire blade height. The effects of radial variations can be estimated
from the charts for some types of design, specifically where constant
gpecific work over the blade height is used. The assumption of no
radial components requires that the f£low entering a row of blades at
any Tixed radius leave that row at the same radius. The assumptions
do not preclude the use of an annular-area convergence or divergence.

Most turbine stators have convergent flow passages with favoreble
pressure gradients; therefore, the f£flow coefficient is usually very
close to 1.0 and the assumption that all losses occur in the rotor
should not introduce sppreciable errors. Boundary-layer accumulations
can be taken into account by means of area changes to compensate for
expected blockage. An efficiency value for the rotor process is
assumed.

Radial shifts in weight flow, stator losses, and the appropriate
variation of the value of the ratio of specific heats should be con-
sidered in the f£final design analysis.

Parameters. - The quantities required to fix the turbine design
consist ©f (1) gas weight flow, (2) blade velocity or rotative speed,
(3) inlet total temperature and pressure, and (4) required work output.

OLTZ2
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The form in which these quantities are used should be dependent on
the specific application. Where the values of the quantities listed are
fixed, the charts indicate possible configurations that could do the
required job. If, however, it is desired to conduct the design studies
of the turbine with consideration of possible vaeriations of these
quantities, the charts cen be adapted to relate turbine parameters to
corresponding parameters describing the driven component. For
example, where the turbine 1s to be coupled to a compressor, as in a
turbojet engine, it is convenient to relate the parameters to the com-
pressor, in thaet compressor designs usually tend to limit the range
of possible turbine configurations. For such an application, the gas
welght flow would be considered equal to the compressor air weight flow
and & useful parameter would be gas welght flow corrected to compressor
inlet conditions. The rotative speed of the turbine is related to that
of the compressor; therefore, the compressor-tip speed could be used
as & variable and the turbine speed msey be expressed as a function of
the ratio of the diameters of the two components.

Significant parameters that describe a design are the
velocities and the angles comprising the velocity diagram. Specifi-
cally, for evaluation of designs, rotor-inlet and -outlet relative
velocities and the stage exit velocity and flow angle are important.
Velocity is usually given as a Mach number in studies of compressible-
flow phenomensa; in this report, however, veloclty is expressed as a
critical velocity ratio V/acr where &,,. 1s the critical sonic speed,

a function of the stagnation temperature, and is defined as

g 1
z
s = (Zy o) (1)

(A1l symbols used in this report are defined in appendix A. The
notation is illustrated in fig. 1.)

The critical velocity ratio will have a value of 1.0 when the
velocity is such that the Mach mmber is equal to 1.0. For higher or
lower velocities, the eritical velocity ratio will differ somewhat from
the Mach number. The relation between Mach mmber and critical velocity
ratio is presented in reference 1 (equation (43)). A plot of Mach num-
ber against critical velocity ratio for a ratio of specific heats T of
1.30 is presented in figure 2.

The specific weight-flow parameter used is defined as

PVx W
p‘acr B Ap!acr

(2)
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The annular-flow area A 1is defined as

A= g |1 - (;E> (3)

Turbine-stress limits must be considered in the evaluation of
designs. The stress paremeter, a measure of the centrifugal stress at
the blade root, can be expressed as

2 2
_2;._.jﬁl_.{; - <?E> (4)
pr Zgléé I'T
where o 1is the centrifugel stress at the blade root, T +the taper fac-

tor, and p,, the density of the blade material. The derivation of this
equation is presented in reference 2.

OLT2

By combining equations (3) and (4) and using the relation
arqp = Up, 1t can be shown that

o3 _ (Dz A (5)
0y T 2nglés

Thus, for constant rotative speed, the centrifugal stress is propor-
tional to the anmuler-flow area. By substituting equations (1), (3),
and (4) and the equation of state into equation (2), the followlng
equation is obtained:

1 1

2
x _ w e (Y (T')z R(ri,llz L (6)
Pleer  mry? 9/T P zrg> | 298

An adjusted specific welght-flow parameter F results if each of
the quantities in equation (6) is divided by a representative value.

1
2 2
Fe-_¥__Po/s U_T> L) 1 (7)
- TCE‘TZ o/7/30,000 \1000 2500 p'/7000

From equations (6) and (7)

X (8)
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where the constant K 1s a function of ¥y, R, and the representative
values in equation (7). For y = 1.30 and R = 53.3,

64.29 pVy,
T ————

1
0 8cp

If the terms Up, T', P', pp, and of/T in the parameter F have

the numerical values appearing in the denominator of their respective
ratios, the entire parameter would be equal to the weight flow per unit
turbine frontal area.

The terms of equation (7) that define the parameter F can be
rearranged to suit specific applications. The form of equation (7) has
been found useful in the study of turbines for turbojet engines. For
other arrangements, the blade-speed and radius terms can be combined
into an angular-velocity expression, the weight flow can be corrected
to compressor-inlet conditions, the pressure can be expressed in terms
of a eompressor-pressure ratio, and so forth.

The adjusted weight-flow parameter F is used in the construction
of the preliminary design chart herein, and the specific weight-flow
parameter pV,/p'a.. 1s used in the construction of the specific

design chart.

The specific work parameter E 1s defined as

1 .
E= JAhZ (9)
cr

where &qp 1is based on the inlet total temperature. It can be demon-
strated that across a single stage

U (w2 (Yo acr,3> (10)
8cr,1 |%cr,1 \Ecr,3 Zcr,l
Vorking equations. - In addition to the preceding equations, the
following are pertinent working equations used in this report:

By, =

R

From the isentropic-flow relation and the general energy equation

L
T-1

2-foz ()]
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The specific welght-flow parameter (equation (2)) can also be written
1

1
2 20 | V-
Ve Y= ). ra (%} +<VL> (11)
k4
p'a,. 8. Y+ a &,
2 2
2 V. V.
v
&) -E) &) (2)
cr cr
1V
o= tant X (13)

Yy

[

1

and that

A plot of the relation of equation (11) to (13) is presented in
figure 3. This plot, referred to as a “flow chart", presents the
specific weight-flow parameter plotted against the critical velocity
ratio V/acr with lines of constant axial and tengential components

and flow angle o. A large working plot of figure 3 for v = 1.30 is
inserted in the back of this report.

The assumption of isentropic flow in the stator results in the
following relations:

Ty' = Tp' thus 8cr,1 = 8cr,2
(14)

I

1 1 | S 1
Pyt =Pyt and pitf = p,

The continuity equation through a turbine stage may be written

Py Vy,1 f1 = P2 Vi, 2 f2 = 05 Vi 3 A5

When the parameter F defined In equations (7) and (8) is used,
the following equation is obtained:

F1 841 p2'8cp,2

<

0LT2
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From equation (14),
F14; = Fahp (15)
and for constant area,
Fl = FZ

Application of the parameter F +to the continuity condition across
the rotor ylelds the following result:

1
Ty Pp'ferz
1
F ZAZ Pz E"cr,Z)
Generalization of equation (16) yields

1
Frfn _ pl‘acr,l
FlAl Pn a'cr,n

Equation (17) may also be written

(pvx> )
1 1
p&"crnf‘__l:_L placrl

= T
( va) Al Pn 8'cr,n
1

1
a
o CI,

(16)

(17)

(178}

Adisbatic efficiency is defined as
Ty' - Tz’

1
T

(18)

e -1

K3
@)
P1
By rearranging terms in equation (18) and introducing the value

of E as defined in equation (9) and the relations described by equa-
tion (14), it can be shown that

1 1 T-1
Bl Byl _ . (19)
P P, _z(T.;)gE
1 y1/8%1,3
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Similerly,

a
er,3 (@ > [ ]

= 1-2 (20)
acr,z c:r:, r+1 gE]_ 3

Generalization of equation (20) yields

ol

i

A plot of this function for values of ¥ = 1.40 and 1.30 appears
in figure 4.

From equations (18), (19), (20) and the equation of state

T 1
-1

Fs A5 _ P2'fcr,2 _ PL%r,1 1 1-2(Lk)\er £ (22)
F A 'a p_‘'a 2 T-1 &E Y+1/°1,3
3 cr,3 3 cr,3 1 T+L 1,3

A plot of this relation for values of the adiabatic efficlency 14
of 0.90 and 0.85 and for y of 1.30 and 1.40 appears in figure S.

For any value of the tangential component, there exists a maximum
value of the specific weight-flow parameter (see fig. 3). This rela-
tion can be found by teking the partial derivative of equation (11) with
respect to the axial component V,/a.. and setting it equal to zero.

The axial camponent of the critical velocity ratio for this condition

is
= [ - ) (=)

By using the relation between a and ag, (reference 1, equa-
tion (28)) it can be shown that this condition corresponds to

Vy =2 (24)

At this polnt, the pessage is said to be choked.

0)T2
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The following equation is obtained by substituting equation (23)
into equation (11):

o] =

2
pVx v
o I P
<p'acr>max B Cril a'c:r> t T+ L T"‘l ( ) (25)

A plot of this relation for y = 1.30 appeaxrs in figure 6.

Required velocities are found by solving the right-triangle rela-
tions involved in the velocity diagram (fig. 1). In computing the rotor
inlet relative velocity, and its expression as a critical velocity
ratio, the value of the critical sonic speed should be based on the
relative stagnation tempersture.

The static temperature at any station may be written in terms of
relative stegnation temperature and relative veloclty or in terms of
ebsolute stagnation temperature and velocity:

2
R e :ﬁr_vz
71 &8 I

By use of this relation and equation (1), the ratio of relative crit-
lcal sonic speed to the absolute value at any station is found to be

an 2 2 :
Vet - @] @

From the velocity diagram (fig. 1(D))

e
512

2
v s
W __x> (e T )
8or Eor. Ecr Ber
Substitution of equation (27) into equation (26) yilelds

a"cr 1 [? V U :]
= {1 .1 (28)
8oy r+l a cr)

cr
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PRELIMINARY DESIGN CHART

The purpose of the preliminary design chart is to aid in the
determination of the number of stages that will be required and to
demonstrate the influence of exit whirl and annular-area divergence
on posgible designs.

Description

A typical preliminary design chart is shown in figure 7(a). The
chart consists of two parts; the left side is a plot of the parameter F
ageinst the tangential component of the critical veloeclty ratio Vu/a.cr

with lines of constant axial component of the critical velocity ratio
vx/acr' This section of the chart is plotted by use of equations (8)

and (11). Iines of constant flow angle o are determined by use of
equation (13). An extension of the chart for negative values of the
tangential component can be added. For that region, the flow angle
would be greater than 90°. Such an extension would be perfectly sym-
metrical with the region of positive tangential component; it is there-
fore omitted. If negative values are desired, the supplements of the
flow angles that sppear on the plot must be used. The left portion of
the preliminary design charts thus applies to any station between blade
rows in a turbine.

A line of maximm value of the ordinate can be drawn as an envelope
to the curves. This line, shown as the dashed curve on figure 7(a),
can be computed from equations (8) and (25). All physically possible
points will lie below the envelope. The portion of the supersonic
domain with axial components of the critical velocity ratio greater than
1.0 are omitted for clarity.

The rlght side of the preliminery design chart is a plot based on
equation (22), which relates the velues of the parameter F before and
after the rotor ip terms of the specific work parameter B for a con-
stant area configuration and an assigned value of the adisbatic
efficiency.

The charts presented in figure 7 were constructed for a ratio of
specific heats of 1.30 and an adiabatic efficlency of 0.90.
Applications

The starting point In any analysis depends upon the factors that
are assigned or limited.

cl17
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Single-stage turbine with zero exit whirl. - For a design having
zero exit whirl, the flow at the exit of the rotor corresponds to a

vV
point on the left ordinate where <@;J%> =2 0, For a typical case in
er/3
which sufficient information is supplied to define the parameter F
at the inlet to the turbine, it can first be asgumed that the annular-
flow area across the stator is constant, and Fy = Fp. For the

assigned blade speed, inlet total temperature, and required specific
work, equation (10) can be solved for the tangential component at sta-
tion 2, Vy pf8cy 1. The values of Fp and Vy pfaq, ; define a
point on the left side of the preliminary design chaxt (fig. 7). By
using the right side and the assigned value of E, +the value of Tz
can be found for any assigned area ratio AB/AZ' This application i1s

illustrated in the following example:

Illustrative example I - Zero-exit-whirl design. - For this prob-
lem, the following assumptions were made:

(a) Weight flow per unit turbine frontal area, 20 pounds per sec-
ond per square foot

(b) Required specific work parameter, 0.0140

(e¢) Meximum tolerable stress, 40,000 pounds per square inch
(d) Taper factor, 1.0

(e) Blade demsity, 500 pounds per cubic foot

(£) Turbine-inlet total temperature, 2500° R

(g) Turbine-inlet total pressure, 5120 pounds per square foot
absolute

(h) Tip speed, 1000 feet per second

Assignment of the parameters in this fashion is representative of
a turbine design for jet-englne application, where the air welght £flow
per unit frontal area and tip-speed values are based on compressor
limitations. If it is assumed that the campressor and the turbine have
the same tip diameter or any assigned ratio of diameters, the conditions
specified for the compressor inlet can be readily reduced to corre-
sponding values at the turbine inlet.
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If it is assumed that Ay = Ay under the given conditionms, Fy

can be computed from equation (7). For this example, it will be found
that
1

2 2
500/500 1000\ “{2500\" 7000
Fa = 20 15,600/30,000 (;ooo) (zsoo) s120 = 20+5 (1b/(sec)(sq £%))

The following is obtained by using equation (1) and the given
inlet total temperature and blade speed:

0.454
= = 0.
a'cr,l 2200
Vu,2 Vy,3
When equation (10) is solved for 2" with 2= = 0,
er,l 8er,3

Vu,2  32.2X 0.0140

= 0.454 = 0.993

a
cr,l

With these values of F, and Vu,z/acr,l’ the point on the pre-

liminary design chart corresponding to station 2 can be located. This
example is worked out on the preliminary deslign chart shown in fig-
ure 7(b); the lines of constant angles and the envelope have been
omitted for clarity. The value of Fz for constant A can be found
by drawing a horizontal line from the value of F, into the right
section of the plot to the value of E = 0.0140. Fz can be read on

‘the absclssa or graphically transferred back to the left side of the
figure by means of the reflecting line that appears on the right side
of the preliminary design chart. The point corresponding to rotor-
exit conditions is designated as station 3 on figure 7(b). The exit
critical velocity ratio is about 0.68. TIf that value is thought to be
high, it can be reduced by a divergence of the annular-flow area to
give the desired exit-velocity ratio. For example, if a value of 0.60
is desired, the exit flow will be represented by point 3(a) on fig-
ure 7(b). The area divergence can be readily computed from the ratio
of the values of F as

A3, Fz 35,

2
— = = 1.07

The increase in area for constant rotative speed results in a stress
increage as shown by equation (5). The new value is 40,000X1.07 or
42,800 pounds per square inch.

<

OL12
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The rotor-inlet critical velocity ratio can be obtained from its
components by means of equation (12)

1

5 =
2 2 [
v v v
2 X u 2 2]
- = (a__> + &‘_-)2 = &0.610) + (0.993) = 1.16

cr,2 er/2a cr.

=~

By means of equation (27), the rotor-inlet relative critical veloc-
ity ratio can be found from the known axial and tangential components
and the blade-speed ratio as

1
Wy

2
= EO.610)2 + (0,993 - 0.454)?—_1 = 0.814
a
er,2

This value can be corrected for the value of the relative critical
sonic speed by use of equation (26).

W W, &
S F1- B 0.814 = 0.852

Bor,2 @ or,2 >
{1 ~0.130 El.lﬁ)z - (0'814)2] }

2
Single-stage turbine with exlt whirl. - As a starting point it is
desirable to specify maximm tolerable exit conditions for configura-
tions with exit whirl. These conditions cen be specified in terms of
exit axial component Vx,sfacr,s and the flow angle az. As was pre-

viously mentioned, for negative tangential components, the flow angle
will be the supplement of the value shown on the chart. The cen-
trifugal stress at the blade root based on the exit conditions can be
computed. The point corresponding to station 3 can be located and

then the conditions at station 2 can be found by drawing a horizontal
line to the reflecting line, & vertical line down to the line corre-
sponding to the desired specific work parsmeter E, and then a hor-
izontal line to the value of the inlet tangential component Vu,Z/acr,l:

which can be found from equation (10). The ratio acr,3/a'cr,l of
equation (10) can be computed from equation (20) or read from figure 4.

2

The effect of area divergence through the rotor can be studied by
adjusting the ratio Fz/F, in accordance with equation (18).

I1llustrative example IT - Exit-whirl design., - If the value of the
rotor inlet relative velocity found for example I is consldered to be
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too high, a reduction can be obtained by use of exit whirl. A design
is studied in this example for which the rotor-exit axial component is
limited to a value of 0.60 with an exit angle oz of 120° in which
case the tangential component will be negative. The supplement of the
angle is 60° and the point corresponding to these exit conditions has
been marked as station 3 on figure 7(c). The value of Fz can be
read as 30.8. Under the turbine-inlet conditions given in example I,
Fp 1is equal to 20.5; and for E = 0.0140, the exit F based on con-
stant area was equal to 35.2. In order to get the value of F at the
exit down to 30.8, an area divergence of 35.2/30.8 or 1.14 will be
required with a resulting stress of 45,600 pounds per square inch. The
exit tangential component Vu,s/acr,s is 0.35 (fig. 7(c)) and the

required tangential component at station 2 can be found by use of a
form of equation (10):

v
u,2 _ 52.2 X 0.0140 _ 25 x 0.940 = 0.664
acr 2 0.4:54
J

The values of Fy and Vu,z/acr,z locate the point on figure 7(e)

marked station 2. For this point, the rotor inlet relative critical
velocity ratio WZ/a"cr,Z is found to be 0.485, a considersble reduc-

tion over example I.

Multistage applications. - Preliminary design charits can be used
in determining the number of stages to be used in the design of multi-
stage turbines. The last stage of such a machine usually has the
highest stress; it is therefore suggested that the pOSBlble design
range of that stage be considered first.

The preliminary design charts handle one stage at a time, and the
parameters involved are based on conditions at the inlet to that stage.
The over-aell specific work miust equal the sum of jhe stage outputs.
Because the specific work parameter is based on the inlet temperature
of each stage, the following equation must hold:

a 2 a 2 a 2
( cr,S) + E ( cr,5> + +E, ( crzn-2>
E = K + B o & o
1,n 1,3 3,5 &er,1 5,7 &cr,1 -2,n 8or,1

(29)

The last term of equation (29) can also be written

2170 »



OLTZ

NACA TN 2402 15

2 2
cr,n— 8cr,n\ (%cr,n-2
-2 n n-Z,n a a
cry,l cr,n

The specific weight-flow parameters between stages are related as
shown by equation (17):

T
Frbfp _ Py 8'c:r,l
- 1
FlAl e nacr,n

The right side of equation (17) is a function of El,n (see equa-

tion (22)). The exit conditions can thus be computed for any assumed
area ratio and turbine efficiency for known turbine-inlet conditions.
With limiting values of the exit velocity set, the required area changes
can be computed. The point that corresponds to such exit conditions can
be located on the preliminary design charts, and conditions at the inlet
to the stage can be obtained by working backwards on the chart. For
such an analysis, the specific-work output across the stage must be
considered variable. For an assumed value of B, 2,17 the stage may

be studied by use of equation (10). The value of U/a.cr n-p DAY be
computed from the known inlet conditions by setting

U _ U 8'c::c,,l E"c:r,,n
a T a a a (30)
er,n-2 cr,l \cr,n cr,n-2
The ratio a.. l/acr n D8y be evaluated from the known value of
El,n and a,, n/acr,n o5 from the assigned value of E

(17)

n-2,n*

When a design has been found such that the size, stress, and crit-
ical velocity ratlos are satisfactory, the value of E for the stage
1s fixed. By subtracting that value from the over-all specific work
and making an adjustment for the inlet-total-temperature changes, the
remaining specific work can be computed from

2
&er,n-2
E = 1 - B 2
L2 = "L 7 a-2,n \G >Q l) (31)

The process outlined can be repeated for other stages.

Tllustrative example ITI - Multistage-turbine design. - For this
example, the following assumptions were made:
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(a) Specific work parameter, 0.0314

(b) Maximm tolersble stress, 30,000 pounds per square inch

(c) Taper factor, 1.0

(4) Blade density, 500 pounds per cubic foot

(e) Turbine-inlet total temperature, 2500° R

(£) Turbine-inlet pressure, 23,000 pounds per square foot absolute
(g) Meximm tip speed, 1000 feet per second

The specific welght flow is considered varigble. If it is desired to
have the last stage operate with zero exit whirl and a maximum critical
velocity ratio of 0.6, the point representing the exit flow can be
located on the preliminary design chart. This example is illustrated
in figure 7(d), where the exit point is marked as station n. The value
of F, is equal to 32.8. For a constant-area design, the value of F
at the inlet to the turbine can be found from the right side of the
preliminary design chart for the assigned value of E or computed from
equation (22); for this problem, the camputed value of F is 8.52. For
this value of F and other assigned factors, the weight f£flow per tur-
bine frontal unit area can be found from equation (7) to be 28.0 pounds
per second per square foot.

In considering the last stage only, and starting with the exit
point, & trial value of En-z,n = 0.015 is assumed. With no increase

In tip diameter, the blade speed based on conditions at the inlet to
the stage can be found from equation (30) and by use of either equa-
tion (21) or figure 4.

U _ 1000 (0.935
Scr,n-z | 2200 \0.658

) = 0.495

The required tangential component at station n-1 can be found from
a form of equation (10).

Van-1 _ 32.2 X 0.015

0.495 = 0.976

&cr,n-1

This point is designated as station n-1 in figure 7(d). The value
of ¥,_; is equal to 18.2. Veloclity diagrams can be computed for this

design. The remaining specific work cen be found from equation (31)

oL12
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2
Ej,n.z = 0.0314 - 0.015 (%-:-g%g) = 0.0188

A one-stage design with exit whirl will be sought for this value.
The tolerable exit tangential component will be set such that the flow
angle az equals 120°. For this value, the tangential component is
negative and o equals 60° (the supplement of the desired value) will
be used on the preliminary design chart. Also, the exit axial component
of the critical velocity ratio will be limited to 0.60. The design of
this stage is illustrated in figure 7(e), where the exit point is
station 3. The values of Fz and Vy z/acr,3 are 30.9 and 0.35,
respectively. By working backwards with the value of El,3 equal
to 0.0188, the value of Fp 1s found to be 14.5. If the tip speed
of the first stage is assumed equal to the tip speed of the second and
equation (10) is solved with the use of figure 4, the required value
of the inlet tangential component is obtained:

Vu,2 _ 32.2 X 0.0188

= - 0.35 X 0.917 = 1.01
8r,1 0.454

This point is marked as station 2 in figure 7(e). The velocity
diagrems can be computed for that design. If this one-stage design is
not satisfactory, a two-stage configuration might be tried so that an
over-all three-stage turbine would result. Alternatively, a redesign
of the last stage might be considered in light of the study of the
first stage. When satisfactory velocity diagrams have been obtained,
the ratio of the values of the parameter Fz actually used to the
values required by equation (17) will indicate the required annular-
area divergence. In the illustrative example just worked, the value
of Fz required by equation (17) is 18.2, but the flow at station 3
is set such that the value of Fz actually used is 30.9. In order
to obtein this condition, the area of the first stage must be reduced
by the ratio 18.2/30.9 = 0.589 of the area of the second stage.

In this example, a constant tip diameter and therefore a constant
tip speed was assumed. The designer is free, however, to specify how
the necessary area divergence is to be accqmplished.
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SPECIFIC DESIGN CHARTS

When the general type of bturbine has been fixed in a manner such
ag has been described in the preceding section, a specific design
chart can be used to ald in fixing the turbine dimensions. The speci-
fic design charts must be made up individually for each required stage-
specific-work output. The area ratio across the stage and the effi-
clency must also be known or assumed. Each chart also represents a
fixed type of veloclty diagram. The three types of chart discussed in
this report are:

oLT2

Type A, Zero-exit whirl

Type B, Fixed rotor-exit critical velocity ratio with variable
exit whirl

Type C, Fixed rotor-inlet relative critical velocity ratio with
variable exit whirl

Description

Representative charts for these three types appear in figure 8.
The equations necesgary for the construction of the charts are presented
in appendixes B to E. The main body of the charts is a plot of the -
specific weight-flow paremeter ahead of the rotor against the blade-
speed parameter. Idines of constent value of critical velocity ratios
such as rotor-inlet relative velocity, rotor-exit relative velocity,
and axial veloclty components are contained on the plot. The impulse
line, which separates the region of positive reaction from the region
of negative reaction, has been included in the plots, as well as a
line for ap equals 20°. Definite envelopes exist for portions of the
curves. The equations defining these envelopes are discussed in the
appendixes. The envelopes indicate the reglons on the charts in which
all the possible turbine designs for the assigned conditions lie. How-
ever, practical conslderations may impose limits which lie below the
envelopes.,

In the zero-exit-whirl chart (fig. 8(a)), the ordinate is a func-
tion of the exit critical velocity ratio for any given area ratio; in
the chart for exit whirl with fixed exit velocity (fig. 8(b)), the
ordinate is a function of the exit flow angle for an assigned area
ratlio. In both cases an auxiliary scale can be plotted along the
ordinate.
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Because condlitions at the blade root are generally the most criti-
cal, the absclssa for the representative figures is taken as the blade
speed at the root of the blade. For given values of the inlet total
temperature, the abscissa can be related to radius ratio, tip speed,
and stress, and such a side plot can be added. If the inlet total pres-
sure is also known, the ordinate can be related to the weight flow. In
the representative charts, the welght flow has been utilized in the form
of a weight flow corrected to compressor-inlet conditions divided by the
turbine frontal area based on tip diameter:

Wy 8o/5e
Tz

AL

The equations for computing the side plots are given in appendix E.
For any application, the form in whieh such side plots can be most
adventageously utilized is dependent on the form in which design condi-
tions and limits are set.

Applications

The specific design charts lend themselves to several possible
applications depending on the nature of the specific problem. For
example, desirable points can be marked on the charts, and values of
speed and welght flow can be computed from the abscissa and the ordi-
nate. By use of the side plots, designs for limiting stresses and.
desired welght flows or other combinations of the parameters may be
investigated.

Estimation of radial variations in flow. - An estimate of the
velocity diagrams at other radii can be made by use of the charts for
designs having constant specific work output over the blade height.

For designs which also specify constant specific weight flow, the charts
will directly give the velocity diagrams at other radii as radial
varlations will occur along & line of a constant value of the crdinate.
The abscissas of the points that correspond to flow at other radii can
be obtained from the values of the blade-speed ratio at those radii.

For other designs with constant specific-work output over the blade
height, only an estimate can be made. For example, for free vortex,
simple radial-equilibrium designs, the axial components are constent
over the blade height. ILines of constant axial component at station 2
have been added in figure 8(a). The velocity diagrams at other radii
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can be obtained by using the abscissas of the points that correspond to
flow et other radil and by moving along a line of constant axial com-
ponent at station 2. It will be noted that as such radial variations

are studied on figure 8(a), the value of the exit axial critical velocity
ratio will not remasin constant as is required for free-vortex, simple
radial-equilibrium design because of the assumption that no radial

shifts of mass flow take place in the stage. In addition, an integra-
tion of the specific weight flow over the blade height will be in error
because of the one-dimensional fiow assumption.

Illustrative example IV - Applications of specific design charts. -
Assume that study is required of possible turbine designs for a Jet-
powered airplene to fly at the following conditions:

Compressor inlet total pressure, lb/sq Tt 8bBe ¢ ¢« o« ¢ ¢ o o =« « «» 898
Compressor inlet total temperature, R « o « v o « o ¢ o o « o « o 471
Compressor Pressure Ta8ti0e o« o o o o o o o o o o s ¢ o o o o o o 6
Compressor enthalpy rise, BHtu/Ib « o ¢ o o o 2 « o o o o o o o o » 87.0
Turbine inlet total temperature, PR v o v ¢ ¢ ¢ ¢ o o o « & « « » 2500
Turbine inlet total pressure, 1b/sq ft @bs. . « ¢ « o o & « + . . 5120

Por these conditions, the value of the specific work peremeter E for
the turbine is 0.0140. This value is used in constructing the represen-
tative charts (fig. 8). Constant anmular area and an efficiency of

0.90 were assumed. The slde plot below the abscissa is computed for the
given turbine inlet total temperature and an assumed blade density of
490 pounds per cubic foot.

A series of possible designs will be sought that will enable
driving a campressor having a tip speed of 1065 feet per second and a
corrected weight flow per unit turbine frontal area of 30 pounds per
second per square foot. This example is illustrated in figure 9, in
which the zero-exit-whirl configuration was used. The basic chart is
identical to that presented in figure 8(a), except that the axial-
component lines have been omitted for clarity. A line corresponding
to a tip speed of 1065 feet per second has been added to the side plot
below the sbscissa. The locus of points common to this speed line and
the line in the ordinate side plot, which has a value of 30 pounds per
second per square foot, are then plotted for equal values of the radius
ratio. This line is marked 1065,30 in figure 9; 1t represents possible
turbine designs having the same tip diemeter as the compressor. Pos-
sible turbine designs that have tip diameters larger than the campres-
sor can be similarly plotted because the corresponding turbine tip
speed will vary directly as the ratio of turbine- to compressor-tip
diameters, and the weight-flow term varies inversely as the square of

OLTZ
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the ratio. Curves of turbines having tip speeds of 1200 and 1400 feet

per second and thus weight flows of 23.6 and 17.4 pounds per second per
square foot, respectively, have been plotted on figure 9. In addition,
the lines of constant radius ratio have been added.

As the 1065 line lies outside of the envelope of the curves, no
designs can be obtained in that region because the areas will not pass
the required alr weight flow. Pessible designs can be studied by con-
gldering the desirable rotor inlet and exit critical velocity ratios,
stress, degree of reaction, and other factors.

If a desirable point of operation is selected that does not fall
on one of the plotted tip-speed curves, the expansion, or contraction
of the turbine dismeter required can readily be :E'ound. A line of known

tip speed and welght flow = is plotted in fig-
cr
. T
ure 10. A horizontal line corresponds to constant annulus area, a
vertlcal line to constant radius, and the point m to a known point on
the curve; the required values of tip speed and weight flow at point n
can be obtained by using the following equations:

L
2
G by
T1n= T,n (:> [ ] (32)
U'I‘,m T,m
and
W4/9c/8c>
o .2
WA/GC/SC s
) = 2 (33)
T Q‘T,n/rtn,m)
The radius ratio at point n can be determined from
1

!
=

2
o
_h) _ (34)
I'T n I'T,
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CONCLUDING REMARKS

A method has been presented for the computation and graphic pre-
sentation of a series of possible turbine designs for any specific
application. A preliminary design chart is used to cbtain an estimate
of the number of stages required, the type of velocity diagram, and the
need for annular flow-area divergence. This chart i1s general and can

be used for a preliminary study of any design.

The specific design chart is constructed with the information
obtained from the preliminary design chart. The area ratio, the spe-
cific work, and the efficiency must be known or assumed before this
chart can be constructed. The specific design chart relates the flow
within the stage in terms of criticel velocity ratlios and flow angles
to design varisebles, such as size, radius ratio, centrifugal stress,
and rotatlive speed. The principal use of the design charts is to
present the relations among the design varisbles in such a way as to
facilitate the determination of the best design compromises necessary
to obtain the desired configuration.

Because of the assumptions made, the information obtained from
the charts should be considered as preliminary in nature, and a more
accurate f£inal design analysis should be mede.

Lewls Flight Propulsion Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo, Merch 22, 1951. :

oLT2
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APPENDIX A

SYMBOLS
The following symbols are used in this report:
A annular flow area, sq £t
a  velocity of sound, ft/sec

E work parsmeter, —JAh—z, secz/f'b
8cr

F adjusted specific weight-flow parameter,

1
Py, /500 g \2/ mr \2
(%Z)Q/T/S0,000)(lOOO) (2500) pv/]{ooo , 1b/(sec¢)(sq £t)

g  gravitational constant, 32.2 £t/sec?
h  specific enthalpy, Btu/lb

J  mechanical equivalent of heat, 778 ft-1b/Btu
X constant

P absolute pressure, l'b/sq e

R gas constant, £t-1b/(1b)(°R)

r radius, £t

T  absolute temperature, °R

U blade velocity, ft/ sec

v absolute velocity of gas, f'b/ sec

W relative velocity of ges, ft/ sec

W weight-flow rate of gas, l'b/ sec

a flow engle of ebsolute velocity measured from tangential
direction (fig. 2), deg

23
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B flow angle of relative velocity measured from tangential
direction (fig. 2), deg

Y ratio of specific heats

A prefix to indicate change

3] pressure reduction ratio, p/po
Ul adigbatic efficlency

e ‘temperature reduction ratio, T/TO

o gas density, 1b/cu ft

p, density of blade material, 1b/cu £t
o centrifugal stress at blade root, 1b/sq in.

T taper factor, ratio of o in tapered blede to o in untepered
blade

® angular velocity, radia.ns/ sec

Subscripts:

c compressor-inlet stagnation conditions
er critical, state at speed of sound

h station at inner radius

m,n representative points

max maximm value due to choking

T station at outer radlus

u tangential component

X axlal companent

0T
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1,2,3 . . n stations (fig. 1)

0 NACA sea-level alr

o

I~

by Buperscripts:
* reference line or state
' stagnation state

" stegnation state relative to rotor

25
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APPENDTIX B

.

CONSTRUCTION OF TYPE-A SPECIFIC DESIGN CHART FOR

ZERO EXIT WHIRL

OLTZ2

In order to construct a specific design chart for a zero-exit-whirl
canfiguration, the required specific work parameter E must be known.
The values of the ratios acr,s/acr,l and pl'z';v.cr’:,_/ps‘a.cr}:5 can be
computed from the value of E by use of equations (21) and (22) or
found from figures 4 and 5. A range of blade speeds and rotor inlet
relative velocities are assigned as critical velocity ratios in the forms
U/a'cr,l and Wz/a"cr,Z‘ Far the required value of E, the inlet whirl

component cen be found from equation (10) with , 3/acr,3 = 0.

Va,2 gE

= (B1)
8er,1 U/a'c:r:,l

The rotor inlet relative velocity referred to absolute stagnation temp-
erature can be camputed fram equations (28) and (Bl) as

(B2)

LA cr,2

From the trigmometry of the velocity diagram, the absolute velocity at

station 2 1is
1

v w. \@ o 2 2
2 _ ( 2 ) + 22 B - ( ) (B3)
8cr,1 8cr,1 &er,1

the axial component is

2 2
V52 | Y2 \_(Tu (B4)
Ber L 1
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With the known sbsolute critical velocity ratio, the density ratio
pz/pz' can be calculated from

£
s)v-1
Pz _ | 11 (e
pz'— T+l \a

cr,l

A plot of this function for v = 1.30 is given in figure 11. The

specific weight-flow parameter pVx/ p'&cr>2 can then be computed.

A flow chart for v = 1.30 1ies included at the back of this repart.
This chart presente the specific weight-flow parameter as a function of
the velocity components.

The specific welght-flow parameter at station 3 can be found for
an assigned area ratlio by substituting in the following form of equa-
tion (17a):

ta
PV _ pVx Py cr,l ﬁ
p'a

er /s \P'%er )z \P3 fer,3 ) A3

For this zero-exit-whirl case, Q/’u/acr):,) = 0 and the exit-velocity

ratio can be found by use of the large flow chart.

The exit relative velocity ratio can be computed from

i

2
3 _ 3 + U cr,l
8‘c:t;',?) acr,S a'c:r,l a'cr,&':

The value of the exlt relative velocity ratio based on relative
stagnation conditions Y'T‘-v)/a."c:[,’3 can be computed by use of equation (26).

After these components have been computed, the design chart can be
drawn. In order to obtain lines of constant velocity ratios not assigned
in the computations, it will be necessary to meke use of cross plots.

The exit eritical velocity ratio for zero exit whirl is a function of
the specific welght-flow parameter, and an auxiliary scale of V3/acr,3

can be plotted along side the ordinate.
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The envelope, which indicates choking at station 2 (the axial
companent reaching sonic speed) in the type-A specific design chart, can
be found by using equation (Bl) to campute the inlet tangentisl com-
panent for a series of assligned blade speeds. The limiting specific
welght-flow parameter, for the tengentiel components thus obtained, can
be camputed by use of equation (25).

Choking in the anmulus at the turbine exit will occur when the

exit axial companent reaches sonic speed. For the zero-exit-whirl
configuration, the exit critical velocity ratio will reach a value of 1.0

at this point.

Equations for the coanstruction of the side plots are given in
appendix E.

oLT2
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APPERDIX C

CONSTRUCTION (F TYPE~B SPECIFIC DESIGN CHART FOR FIXED
EXTT CRITICAL VELOCITY RATIO AND VARYING WHIRL

In order to construct the type-B specific design chart, the desired
specific work parameter E must be known, and the exit critical veloc-
ity ratio Vz/a,,. z must be fixed. The ratios a a and

cr, cr, cr,1l

p acr,l/p 8cp,3 cal be camputed for the given velue of E by use of
equa:bions %21) and (22) or found from figures 4 and 5.

The ranges of speeds and specific weight-flow parameters are assumed
in the followlng forms:

PV
8er,1 P 8cr /o

The flow at station 3 is firét determined. The specific welght-
Tlow parameter cen be camputed for an assigned area ratio by using the
following form of equation (17a):

i

PVx PVx P1'8er,1 A_‘E

Placr /s \P'8cp)y P3'er 3 A5

By use of the flow chart, the computed value of (pV x/p a and

cr 3
the fixed value of Vgz/a the axial and tangential components can
be read.

cr,3’

The inltet tangential component for the required work can be found
from the following form of equation (10):

Vu,2  gE + V4,3 8cr,3

&er,1 U/acr,l 8cr,3 &er,l

In most cases, V. 3/a.cr, 5 should be negative, that is, the exit tan-

gental component is in a direction opposite to the direction of that
component at the stator exit.
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The sbsolute and the exial components Vp/a., ; end vx,z/,acr,l

can be obtained by use of a flow chart and the known values of
1 1
(pV x/p &), and V, 2/a.c 1 For each value of (pV, /p a,.), there

are two values of V The higher value is used only when the

2/ 8'cr 1
the axial component of the velocity is greater than sonic speed.

The relative velocity Wz/acr,l can be computed from equation (27) .

This value can be corrected to relative stagnation conditlions by using
either equation (26) or (28). From equation (27)

1
2

2
Wz _ vx,S + vu,3 U ac.r,z

8cr,3 Ger,3 8cr,3 %cr,2 %er,3

Angles can be camputed from the trigonometry of the velocity diagrams.

These computations supply the needed information for the construc-
tlon of the specific design chart. In order to plot lines of canstant
values of parameters such as critical veloecity ratios, however, it will
be necessary to meke use of cross plots, as constant va.lues were not
asslgned in the computations.

With fixed exit critical velocity ratio, the exit flow angle is a
function of the specific weight-flow parameter and an auxiliary scale can
be plotted on the ordinate. When desired values of the exit angle
are asslgned, the corresponding value of the speclfic welght-flow para-
meter at station 3 can be read fram the flow chart or camputed from

1
2|Vt

pv. v _ v

'a.x =a3 l-%as sln oz
Pcr/z  Bopn 3 T er,3

Values of the specific welght-flow parameter at statlon 2 can be
Pound by use of equation (17a) and a scale for oz can be added on the

ordinate as shown in figure 8(b).

0LT2
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The envelope, which indicates choking flow at the rotor inlet, for
the type-B specific design charts can be eocmputed as follows:

The exit critical veloeity ratio was fixed and the exit-whirl com-
ponent for the assigned exit angles az can be computed from

Vu,3 V3

= CcOos CT.-S
a &cr,s

er,3

Each assigned value of az has a corresponding value of
(pVx/b'acr)z, which can readily be found as previously outlined. If
each value is considered to be a maximm (that is, (Vy/a)y = 1) the
corresponding tangential component can be found from figure 6. The
blade speed for that tangential component can be computed from the fol-
lowing form of equation (10)

U gk 3

gcr,1 Vu,2  Vu,3 &er,3
gcr,1 %cr,3 8er,l

The envelope, which indicates limiting flow at the rotor exit, will
depend on the assigned value of the rotor exit critical velocity ratio.
If the velue is less than 1.0, limiting flow occurs when the flow is
axial. The value of the specific weight-flow parameter for this case
(a3 = 90°) ecan be found as previously shown.

If the value of the exit critical velocity ratio is greater than
1.0, choking will occur when the axial velocity reaches sonic speed. By
means of the assigned value of (V/a..)z, equations (12) and (23) can
be solved simultaneously for the velocity components (Vy/2cr)z and

- 1
(Vk/acr)s' The specific weight-flow parameter (pVi/p acr)s can be
found from equation (11). The value of (pV’x/p'acr)2 for the assigned

area ratic can be found from equation (17a). This maximum value is the
same for all values of blade speed.
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APPENDIX D
CONSTRUCTION CF TYFE-C SPECIFIC DESIGN CHART FOR FIXED ROTOR
INLET RELATIVE CRITICAL VELOCITY RATIO
AND VARYING WHIRL

For the construction of this type of chart, the value of the rotor
inlet relative critical velocity ratio Wz/a“cr’z is set and the ranges

of blade speeds U/a"cr 2 and rotor inlet relative angles Bz are
J

assigned.
Campute
al 2 = o sin Bz
cr,2 er, 2
W W
u, 2 2
S = cos By
cr,2a cr,2a
L
2 2
V2 Vx,2 Wy, 2 U
8." - 8." &" + 8."
er,a er,2 er,2 cr,2

These velocities, which have been based on relative stagnation
conditions, can now be corrected to ebsolute stagnation conditions by
use of the following equation, which was derived from equation (26)

1
ol | 2
gcr,2 1 .Yl W2 2 _ V2 (p1)
a“ - T+l a" all
cr,a cr,2 er,a

The values of VZ/acr,Z’ vx,z/acr,Z’ and U/acr,z can be computed and
the specific weight~flow parameter (pVx/ p'acr)z can then be found.

2170°
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From equation (17a), for an assigned area ratio,

pV. pv. p'ia A
), - (), e o2
cxr/3 cr/2 3er,3 73

The tangential component can be found from a form of equation (10)

= " U/a

Vu,3 _ fer,1 [ Vu,2 gElLs])
acr,S ac::t',3 acr,l

cr,

For the known values of  (pV,/p'a..)z and (V,/acp)z, the values

of the other velocity components may be read from a flow chart (fig. 3)
and the design chart can be plotted. In order to plot lines of constant
values of the parameters, it is necessary to use cross plots, because

constant values of these parameters were not assigned in the computa-~
tions.

The envelope at the inlet to the rotor In type-C specific design
charts will depend on the assigned value of the rotor inlet relative
crlitical velocity ratio. If the value of this fixed critical velocity
ratio is less than 1.0, limiting flow will occur when the specific
veight flow (pV / p'a.cr)2 reaches ite limiting value. This value can
be Pound by expressing (pVx/p'acr)z as g function of blade speed
U/acr 1 8&nd the tangential component of the inlet relative critical

J
velocity ratio (Wy/a,p)p. Differentiating this expression with respect
to (W,/a..)s and setting the derivative equal to zero results in an
implicit relation between U/acr,l and (Wu/acr)Z‘ Theoretically,
it will be then possible to express the limiting value of (pV]!:/;:,»'zst.cr)z

as a function of blade speed U/acr,l alone. Practically, such an

expression for the envelope is difficult to obtain. The line of

Bo = 90° can be used as a.very close approximation to this envelope
at the inlet.

In the case where the value of the fixed rotor inlet relative
criticel velocity ratio is greater than 1.0, the envelope, which indi-
cates choking at the inlet (station 2), can be found as follows:
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By assigning values of the specific welght~flow parameter at sta-
tion 2 end considering these to be maximm values (that is, the value
at which the axisl component is equal to sonic speed), the correspond-
ing tangential component of the critical veloecity ratio can be found
by use of equation (25) or read from figure 6. The axial component
for this condition can be found from equation (23)

2
(_Vg) s &(_Vy_)
8oy T+L 8o

The absolute velocity VZ/acr,Z is the square root of the sum of

the squares of the components. The value of the fixed rotor inlet
relative critical velocity ratio was based on relative stagnation con-
ditions. The value can be referred to gabsolute stagnation conditions
by use of the following equations:

oLT2

1
2

=

=
8cr,2 _ T+l
=L

and

W2 Wo a'cp
er,2 2cr,2

The relative tangential camponent can be obtained fram

1
2

2 2
a g a
er,2 cr,2 cr,
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and the blade speed corresponding to the choking candition will be

u __ Vu,z _ Wu,?.
a

OLT2

a

cr,2 8'c:r:,z er,2

The envelope that occurs as a result of choking in the rotor exit
occurs when the axial veloclty et station 3 reaches sonic speed. This
envelope muist be determined by a trial-and-error process.

A velue of the exit tangential component Vy z/ac. 5 is essigned
1 -
and the corresponding (pV x/ P acr) 3,max value is cbteined from equa

tian (25) or read from figure 6., For the assigned value of the area
ratio and the work parameter, (pVx/p'acr)z can be computed from equa-

tion (D2).

A triasl-snd-error process must then be used to determine the blade
speed that corresponds to the assigned Vu, S/acr,S'

- The fixed inlet relative critical velocity ratio can be related to
the absolute veloclty camponents by using equations (27) and (28).

2 2
Wa 1 .11 |, Vu,2 U U
T T+l a a a
cr,2 “cr,l er,l

2 2
( Vx,z) +( Vu,2 U ) (03)
a'cr,z acr,z a'cr,l

With various values of blade speed U/acr,l and the assigned value
of Vy,3/8cr,3 equation (10) can be solved for Vy, /8,1

By using the values of U/acr,,l and the corresponding values

of Vu,Z/acr,l equation (DS) can be solved for vx,Z/acr,Z'




35 NACA TN 2402

When all the velocity components at station 2 are known, equa-
tion (11) can be solved for (pVy/p'a,,)p. The values of (pV,/p'a,.)s
thus obtained can be plotted against the assigned values U/acr,l‘ By
means of thls curve, the blade speed that corresponds to the maximm
specific welght-flow parameter for the assigned Vy,z/acy,3 can be

found. If this maximm value of specific weight-flow parameter does
not fall on the curve, choking has occurred at the rotor inlet, and no
polnt can be obtained on the envelope by this method for the assigned

value of Vy,3/acr,3.

This procedure must be repeated for each point on the envelope,
and a different value of Vy z/ 8cp,3 Wust be assigned for each point.

0L12
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APPENDIX E
CONSTRUCTION OF SIDE PLOTS

Masg-flow scale. - For a given mass flow per unit frontal area
based on tip diameter .

W pVy A
oo Tp
Also
2
T,
T - 1 (EZ)

The following equation was obtained by solving equation (El) for the
mass-flow parameter, substituting equation (E2) into equation (ELl), and
dividing through by p'a,.:

(E3)

A welight £low corrected to compressor-inlet conditions can be used
if desired. In such a case

g
PVx _ ¢ 1 5c/'»?ec
plany 2 2 p'a
cr e, <I'h> cr
1 ({2
T

With the known turbine inlet total temperature and pressure, p'a,. can
be computed; for a range of weight flows per unit frontal area and
radius ratios the values of the specific weight-flow parameter can be
computed, and the side plots that appear at the left of the specific
design charts can be plotted.




38 NACA TN 2402

Blade-tip speed and stress plot. - For a given range of blade-tip
speeds and radius ratios, the value of the blade-speed parameter at the
hub can be obtained fruom

o)

h Th 1
I'T cr

By using the assigned values of stress, blade density and taper factor,
and radius ratio, equation (4) can be solved for the tip speed

1
2

T = (or ag 144
T Py T 2
T,
T

With these values the side plots that appear under the abscissa of the
specific design charts can be plotted.

For multistage turbines, where each stage has the same value of E
and is of the same type, the same main plot can be used and a separate
set of side plots must be plotted for each stage.
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(a) Cross-sectional sketch of typical turbine showing flow stations.

Filgure 1. - Tllustrations showing notation used.
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(b) Velocity diagram for stator and rotor components of stage.

Figure 1. - Concluded. TIllustrations showing notation used.
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Figure 2. - Variation of Mach number with critical velocity
ratio. Ratlo of specific heats, 1.30.
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Figure 3. - Flow chart; ratio of specific heats, 1.30. (A 16- by 18-in. print of this fig. is attached.)
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for various values of adiabatic efficiency and ratio of specific
heats.

OLTZ



max

)

PVyx
—-=.
3er

p

2170

Maximm specific weight-flow parameter, (

]
N
\\\\\\\\
\\
\\\
\\
AN
\
N
\\
1 I

Tangential component of critical velosity ratio, Vy/a.,

Figure 6. - Plot of maximm specific walght-flow parameter against tangential camponent of criticsl velocity ratio.

Ratio of specific heats, 1.30.
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Adjusted specific welght-flow parameter, F, 1b/(sec)(sq ft)
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(a) Typical preliminary deeign chart.

Figure 7. - Preliminary design charta.

Ratic of specific heata, 1.30; adisbatic efficiency, 0.90.
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(b) Dlustrative example I - analysis of zerc-exit-whirl configuraticn.

Flgure 7, - Continued.

Preliminary design charts.

Ratio of specific heats, 1.30; adiabatic efficilency, 0.90.
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Adjusted specific weight-flow paramster, F, 1b/{sec)(sg £t)
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(e¢) Mlustrative exmmple II -~ amalysis of exlt-whirl configuration.

Figure 7. - Continued. Preliminary design charts.

Ratio of speciflc heats, 1.30; adisbstic efficlency, 0.890.
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Adjusted specific weight-flow parameter, ¥, 1b/(sec)(sq ft)
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Figure 7. - Continued. Preliminary design chartsa.
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(4) Mlustrative example IIT - analysis of last stage of multistege turbine.
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Ajusted specific welght-flow paramater, ¥, 1b/(sec)(sq £t)
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(e) Tustrative example ITT - anzlysie of first stage of multistage turbine.
Figure 7. - Concluded. Preliminary d=eign charte.

BRatio of specific heats, 1.30; adlabatic efficlency, 0.90.
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Figure 10. - Section of specific design chart illustrating
nomenclature of equetions (32), (33), and (34).
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